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I. Introduction 
It has been known that some multicellular marine 
algae evolve volatile sulfur compounds which have 
"iso-no-kaori", a unique smell of the sea. Haas ( 
1935) first showed that the major component of the 
volatile compounds produced by Po!Y~i12ho!::.ia f~~1i­
~iata and Polysu~!~~ni~ ni2E£se~!!~ \Vas dimethyl 
sulfide. After that many investigators found that 
dimethyl sulfide was also produced by several kinds 
of multicellular algae such as PoIY~iEb.~niQ:. lQ:.!lQ§'f!:. 
(Cantoni, 1956), Polysi£~onia fa§.1igi~ta (Challen-
ger and Simpson, 1948; Haas, 1935), ~!2.te!:'~~!:'J2ha 
intestinalis (Bywood and Challenger, 1953; Obata et 
al., 1951) and Ulv~ £~rtHs~ (Obata e1, al., 1951; 
Katayama and Tomiyama, 1951). Haas (1935) and By-
wood and Challenger (1953) considered it probable 
that the evolution of dimethyl sulfide was due to 
enzymatic action of the algae, but Obat~ et ale ( 
1951) reported that its evolution was due to the 
action of some peculiar bacteria attached to the 
algae. By Challenger and Simpson (1948), the pre-
cursor from which dimethyl sulfide was evolved was 
identified as dimethyl-jj-propiothetin, in case of 
.1 
Polysiphon:t.~ fa~tigiata. Cantoni (1956) reported 
with !:2.lysiphonl.§:. lanos.§:. that dimethyl sulfide \Vas 
enzymatically evolved from its precursor, dimethyl-
j3-propiothetin. 
Recently, Motohiro (1962), Ronald and Thomson 
(1964), Sipos and Ackman (1964) and Ackman et ala 
(1966 a & b) suggested that the smell of some marine 
fishes and mollusks miRht be attributable to dimethyl 
sulfide and its related compounds which were brought 
into the animals through their food organisms, i.e., 
zooplankton, and unicellular algae. Further, Ack-
man et ala (1966 b) and Tocher et ala (1966) demon-
strated that dimethyl sulfide was evolved by alkali 
treatment from some unicellular marine algae, such 
as §.~~co§J2g£!.2.E.~ caI..!.~, Skele!.o!~em0. cos!:-atum, 
!!!!phjdlni urn ££rt~:r~:t.l, PhaeSJd£cty!mn trlcor!2~t u!!!., 
1:2. t r a s e l!!!~.~ s 11. and Cy c lQ.!.£.!.1:.§: ~E.yQ1i.£Q.. In t 11 e s e 
cases dimethyl sulfide was assumed by Ackman et ala 
(1966 b) to arise from dimethyl-fj-propiothetin in 
the algal cells. These works suggest that the evo-
lution of dimethyl sulfide is characteristic of ma-
rine algae. 
1~e present work was attempted to elucidate the 
physiological significance in the phenomenon of 
2 
production of dimethyl sulfide by unicellular ma-
rine algae, and is mainly concerned with distribu-
tion of the ability to produce dimethyl sulfide in 
unicellular algae, the identification of the pre-
cursor of dimethyl sulfide in these organisms, and 
the biochemical mechanism involved in the produc-" 
tioD of dimethyl sulfide or the cleavage of its 
precursor. 
II. Evolution of Volatile Sulfur Compounds 
from Unicellular Algae 
To make clear the distribution of abilities to 
produce thioether, mercaptan and hydrogen sulfide 
in the uni cell ular algae of mar i ne and fresh-lia t er 
origins, volatile sulfur compounds evolved from 
several representative species of marine and fresh-
water unicellular algae during cultivation were 
fractionated and identified, using tracer techniques 
and gas chromatographic methods. 
Materials and Methods 
1. Organisms. The unicellular algae used in 
this \Vork were Gvrodinium cohnii* (heterotrophic; 
-"'---------- -----
Ishida and Kadota, 1965), A~idinium ~rterii* 
(photoautotrophic ; Provasoli, 1963), Cyclotella 
nana** (photoautotrophic ; Guillard and Hythcr, 
1962), Glenodinium sp.* (photoautotrophic ; Provasoli, 
1963), Na!,!ochlo!::.i.§. Q£~l~!.~*** (photoautotrophic ; 
* Provided by Dr. L. Provasoli. 
** Providc~ by Mr. A. Kurata. 
*** Provided by Dr. M. Droop. 
Ryther, 1954), Chlamydomonas sp. (photoauto-
trophic; Ishida and Kadota, 1968 c), Haemato-
£occus pluvialis* (heterotrophic; Goodwin, 1954 
), Polytoma uvella* (heterotrophic; Cirillo, 1956), 
Chlamydomonas komma** (photoautotrophic), 8cenedes-_ v ___ _ __ 
~ obliquus** (photoautotrophic), fhlorella vul-
garis** (photoautotrophic), Chlorella R~renoidosa** 
(photoautotrophic), Euglena gracilis** (photoauto-
trophic; Watanabe, 1960) and Astasia lonfi!!** (het-
erotrophic ; Meeker, 1964). All these were bacter-
ia-free pure cultures. Of these the fir~t mention-
ed six species were of marine origin and the other 
strains were isolated from fresh-water envirnments. 
2. Culture media and culture condition. The 
algae tested were cultivated by use of chemically 
defined media which were prepared according to the 
respective references. The kind and concentration 
of sulfur sources in the media, however, were some-
what modified from those reported originally; as 
the sole source of sulfur, 20 mg Na2S04 and 0.2 mc 
35 8 2 804 were supplemented to 100 rol media in all 
* Provided by Dr. L. Provasoli., 
** Provided by Dr. Y. Tubo. 
5 
the cases. In the cases of photoautotiophic algae, 
the cultures were kept at 200 C under illumination 
of fluorescent li~hts (4,000 lux). 
3. Identification of volatile sulfur compounds. 
Volatile stilfur compounds evolved from the cul-
tures or the cells of unicellular algae were chro-
matographically identified by use of a Shimadzu 
Model GC-IC gas chromatograph with the hydrogen 
flame ionization detector. As the column, a 0.005 
x 2.0 ill brass tubing containing firebricks impreg-
nated with didecylphthalate (Gumbmann and Burr, 
1964) or Apiezon ?w1 (Baumann and Olund, 1962) was 
used. Radioactivity of the volatile sulfur com-
pounds labeled with 358 was determined using radio-
isotope detector RID-2C, connected with a Shimadzu 
Model GC-2C gas chromatograph with thermister de-
tector. Radioactivities of the volatile sulfur COffi- -
pounds obtained during growth (Fig. 1) were deter-
mined using a Packard Tri-Carb liquid scintillation 
counter Model 314. 
Results and Discussion 
6 
1. Composition of volatile sulfur compounds 
evolved from various unicellular algae during the 
growth. Volatile sulfur compounds evolved 
from the unicellular algae during cultivation were 
fractionated, by use of the absorption train system 
illustrated in Fig. 1, to three different parts; 
thioether, mercaptan and hydrogen sulfide fractions. 




Culture flask (For HIS) (For ~ercaptons) 
HgCI2 
(For thioethers) 
Fig. I. Absorption train used for the determination of volotile sulfur compounds 
evolved from olgal cultures 
ly determined by using the liquid scintillation 
counter. 
The results obtained are shown in Table 1 and 
indicate that the composition of volatile sulfur 
compounds evolved during cultivation is fairly 
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Table 1. Evolution of tllioether, mercaptan and J1 2S from various marine and Creah-water algae during 
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different with the species. The greater part of 
the organisms examined, !.!., Amphidinium carterii, 
Glenodinium sp., Chlamydomonas sp., Nanochloris 
£culata, Haematococcus pluvialis, Polytoma uvella, 
Chlorella vulgari§., Chlorella I!Y£en£idosa, Chlamy-
Qomonas komma and Scenedesmus oblig~ produced 
hydrogen sulfide as the major product. The algae 
belonging to Euglenales, !. g., Astasia logg~ and 
Euglena gracilis produced mercaptan in the largest 
_..-.....-__... __ 'P 
amount. The organisms which produced thioether as 
the major product were Gyrodinium cohnii and Cyclo-
!ella ~; in case of these organisms more than 
60 % of the sulfur evolved was thioether. Among 
the algae used in this experiment Gxrodiniu~ cohnii 
is the only heterotroph which was isolated from 
the sea. It is, therefore, suggested that the vig-
orous evolution of thioether during the growth may 
be characteristic of heterotrophic or auxotrophic 
algae of marine origin. 
2. Production of thioether from algal cells by 
alkali treatment. To ascertain whether some pre-
cursor(s)of thioether is (are) present in the al-
gal cells or not, the amount of thioether which 
9 
Table 2. ~voilltion of thioethcr from variolls al/l:aL cells 
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Thioether-35S per 
total 35~ in cells 













was evolved from the cells of various algae by cold 
alkali treatment was determined using radioisotope 
methods. The 35S-labeled cells incubated with 35S04= 
as the sole source of sulfur were harvested by cen-
trifugation. After the labeled cells of these algae 
were treated with cold alkali, thioether fraction 
evolved was trapped with mercuric chloride by use of 
anabsorption train system illustrated in Fig. 1. 
Radioactivity of the fraction obtained was determined 
using the liquid scintillation counter. 
The.results are given in Table 2, and indicate 
that a large amount of thioether was evolved from 
the cells of Gyrodinium cohnii, Amphidiniu~ carte-
rii and Cyclotella ~, the former two species 
belonging to marine dinoflagellates, and the latter 
one to marine diatom. Of these algae Amphidinium 
carterii hardly produced thioether as a natural 
metabolic product during the growth, as shown in 
Table 1. This alga, therefore, was proved to pos-
sess, in the cells, some precursor(s) of thioether, 
from which thioether was hardly produced under the 
natural condition. 
3. Identification of dimethyl sulfide evolved 
11 
- ,_ 
from Gyrodinium cohnii. 
~ ------ Volatile sulfur compo;unds 
evolved from 9yrodiniu~ cohnii were isolated and 
identified by gas chromatographic techniques. 
The gas chromatographic patterns obtained with the 
culture and the cells treated with alkali are shown 
in Fig.2. In this figure the pattern of authentic 
dimethyl sulfide is also shown for comparison's 
sake. 
This result indicates that the thioether frac-
tions obtained from both the culture and the alkali-
treated cells mainly consisted of dimethyl sulfide. 
In order to confirm the above-mentioned find-
ings the thioether fraction obtained from the cells 
of Gyrodinium cohnii which were harvested from the 
-"------
culture labeled with 35S was further examined by 
use of the radioisotope detector connected with 
the gas chromatographic apparatus. As illustrated 
in Fig. 3, the radioactive peak detected by flow 
detector exactly corresponded to the peak in the 
gas chromatographic pattern. 
From these data it was confirmed that the thio-
ether fraction obtained from gyrodinium cohnii 
was principally composed of dimethyl sulfide. 









'----_____________ Authentic -:-iff-- --
dimethyl sulfide 
Fig. 2. Gas chromatographic analysis of thio-
ether fraction from Gyrodinium £ohnii 
Gas chromatograph: hydrogen flame ionization 
detector (80oC). 
Column: 0.5 x 200 cm brass tube containing 
42-60 mesh Johns-Nanville GC-22 insu-
lating firebrick impregnated with 28.6 
wt. % didecylphthalate. 
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cipal component of the thioether fraction obtained 
from its alkali-treated cells was also found to be 
dimethyl sulfide. 







Fig. 3. Gas chromatographic (lower) and 
radio-gas chromatographic (upper) patterns 
of the thioether fraction obtained from the 
35S-labeled cells of Gyrodinium cohnii 
It was suggested from these experiments that 
the ability to produce thioether, mercaptan or 
hydrogen sulfide might be related to the metabolic 
14 
type, and/or the culture conditions of the algae. 
Summary 
Volatile sulfur compounds evolved from various 
unicellular algae during cultivation were,fraction-
ated to three different parts:thioether fraction, 
mercaptan fraction and hydrogen sulfide fraction. 
Major component of the volatile sulfur compounds 
produced from Amphidinium carterii, Glenodinium 
sp., Chlamydomonas sp., Nanochloris oculata, Haem-
atococcus pluvial!~, Polytoma uvella, Chlamydomonas 
!s.omma, §.cened~~ obliguus, Chlorella vulgaris 
and £~!orell~ pyrenoidosa was hydrogen sulfide, 
and that from Astasia lon~and Euglen~ ~acilis 
was mercaptan. gy~dinium £ohQii, a heterotrophic 
dinoflagellate of marine origin and £Y£lote!la 
Qan~, an autotrophic diatom evolved thioether as 
the major product. 
The thioether fraction obtained from gyrodinium 
£ohn!!, was prinCipally composed of dimethyl 
sulfide. 
These data suggested that the ability of uni-
cellular algae to produce thioether, mercaptan or 
15 
hydrogen sulfide was related to some extent to 
the metabolic types or the environmental factors 
of natural habitats of the organisms. 
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III. Isolation and Identification of 
Dimethyl-j3-propiothetin from 
gy!:odini!:!~ c~!:!gii 
The liberation of dimethyl sulfide 
cellular marine algae was suggested by 
to be due to the enzymatic breakdown of 









multicellular algae, ~.g., Polysiphonia fastigiata, 
the precursor of dimethyl sulfide was found by 
Challenger and Simpson (1948) to be di~ethyl-f3-pl~o­
piothetin. Although this compound is also expected 
to be a precursor of dimethyl sulfide in some uni-
cellular algae (Tocher et al., 1966), the conclusive 
evidence of its presence in such organisms has not 
yet been obtained. 
The present work was attempted to isolate the 
precursor of dimethyl stilfide from the cells of 
9yrodinium cohnii, and to identify it using infrared 
and nuclear magnetic resonance (NMR) spectroscopies. 
Materials and Methods 
1. Organism. The unicellular alga used in 
17 
this study was a heterotrophic dinoflagellate, 
Gvrodinium cohnii. -U-. ________ ___ _ 
Table 3 Composition of complete medium for 
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2. Culture medium and culture condition. The 
alga was cultivated at 27 0 C in the betaine-free medium 
(Ishida and Kadota, 1968 a), of which the compositi~n 
was shown in Table 3. The cells were harvested 
by centrifugation from the seven days old culture. 
3. Fractionation of 35S-labeled cells. Using 
the methods shown in Fig. 4, the cells of Qyrodinium 
cohnii which was grO\Vll in the medium containing 
35S0; as the sole source of sulfur were fraction-
ated to three different fractions; ~.g;, anionic 
fraction, cationic fraction and amphoteric fraction. 
The amount of dimethyl sulfide evolved by hot 
alkali-treatment from these fractions was determined 
by measuring the radioactivity of the products. 
4. Gas-liquid chromatograph. Acrylic acid 
produced was determined by use of a Shimadzu Model 
GC-IC gas-liquid chromatograph with hydrogen flame 
ionization detector, using the column \vhich contained 
35- to 40-mesh Johns-Manville C-22 firebrick 
coated with adipate polyester of diethylene glycol 
as liquid phase (Hunter et al., 1960). 
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5. Measurement by infrared and nuclear magneti~ 
resonance spectra. The infrared spectra were 
obtained with a Hitachi EPI spectrometer with the 
samples in pressed pellets of KBr. 
The nuclear magnetic resonance spectra were ob-
tained with Varian Associates A-60 spectrometer 
with sample dissolved in D20. 
6. Reference substance. Dimethyl-j1-propio-
thetin was prepared by heating an ~quimolar mixture 
of dimethyl sulfide and ft -bromopropionic acid under 
gentle reflux for 5 hr. The resulting solid was 
washed with ether and recrystallized twice from 
methanol, according to the method of Maw (1956). 
Results and Discussion 
1. Isolation of the precursor of dimethyl sul-
fide from the cells. In a preliminary experiment 
an attempt was made to make clear the chemical 
characters of the precursor of dimethyl sulfide in 
the cells of this organism, by fractionating the 
cells to thrce different fractions by use of the 
method shown in Fig. 4, and by detecting the pre-
20 
cursor in each of the fractions. The results 
Culture ! centriful!:e 
Packed cells 
add .'i '). HC104 at OOC 
Acid soluble fraction Acid insoluble fraction 
pass throu~h Amberlite 
IR 120 (H+) 
elute with 2 N HCI 
eliminate !lCI with evaooration 
Absorbed fraction 
pass through Amberli te IlIA 400 (OU-) 




Amphoteric fraction Cationic fraction 
Fig. 4. 
I treat with Norit A 
Water nhase 
(Oimethyl-~-propiothetin) 
Scheme for fractionation of the cells 
of Gyrodinium cohnii labeled with 35S 
obtained are shown in Table 4. As will be seen 
in this table the precursor of dimethyl sulfide 
was present in the cationic fraction. This result 
~uggests that the precursor is a sulfonium com-
21 
pound. The sulfonium compound in the cationic 
fraction was found to be contained in high con-
centration in the cells: about 15 % of the 'total 
sulfur in the cells was found in this fraction. 
Table 4. Distrihution of precllrsor(s) of dimethyl sulfide 





Cold PCA insoluble 
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In order to isolate the precursor in pure 
state, the cells of'Qxrodinium cohnii were further 
fractionated by use of the scheme illustrated in 
Fig. 5. 
The packed cells of Gyrodinium E.ohnii which 
22 
were harvested by centrifugation from the seven 





suspend in 65~ acetone 
sonicate with sonic oscillator (20kc) 
for 5min at OOC 
centrifu!,e. 
Supernatant 
lextract with ether 
water phase 
Itreat with ~orit A 
Supernatant 
extract with ether 
concentrate to be syrupy 
Syrup 
pass through Sephadex G-IO column 
elute with water 
i~ract ions' 
chromatograph on a column of 
Amberlite CG 120 (II+) type II 
elute with 11'\ IICI 
collect the fractions· 
evaporate to a syrup 
dehydrate with ether 
Powder 
/recrystalize from ethanol 
Crystal 
Scheme for isolation of precursor of 
dimethyl sulfide from cells of Gyrodinium cohnii 
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After treated with eth er and t\orit A th e extract 
was concentrated in vacuo to a syrup, passed through 
a Sephadex G-IO column, and then eluted with water. 
Fig. 6. A crystal of dimethyl-fi-propiothetin 
isolated from cells of Gyrodinium cohnii 
A fraction \v-hich was found by gas chromatographic 
analysis (Baumann and Olund, 1962) to contain the 
precursor of dimethyl sulfide (sulfonium compound) 
was collected and rechromatograped on a column of 
Amberlite CG 120 (1I+) type II, and then eluted 
with 1 N hydrochloric acid. The 
fraction containing the sulfonium componnd was 
24 
evaporated .t.g vac~Q to a syrup and dehydrated with 
ether. The powder thus obtained was repeatedly 
recrystallized from ethanol. All steps were 
monitored by determining dimethyl sulfide, using 
gas chromatographic method. 
The precursor thus isolated was found by micro-
scopic examination to be a transparent single crys-
ial (Fig. 6). This substance showed the same Rf 
values on paper chromatography with three different 
solvent systems* as synthetic dimethyl-j3-propio-
thetin. These results suggested that the sulfo~ 
nium compound isolated by the above described 
procedure was dimethyl-j3-propiothetin. 
2. Identification of the precursor as diemthyl-
j3-propiothetin. For the purpose of confirming 
the chromatographic identification, the infrared 
and nuclear magnetic resonance spectra of the 
above-mentioned crystal were compared with those 
of synthetic dimethyl-j3-propiothetin. 
* As the solvents, 1) n-butanol:acetic acid:water 
(12:3:5), 2) 70 % phenol and 3) 60 % pyridine 
were employed. Detection of the spots was made 
by use of potassium iodide-platinium chloride. 
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As will be seen from Figs. 7 and 8, the isolat-
ed compound and synthetic dimethyl-fi-propiothetin 
exhibited identical signals in the infrared and 
nuclear magnetic ~esonance spectra. 
4000 3000 2000 1800 1600 1400 1200 1000 800 650 
WAVE NUMBER CM-1 
Fig. 7. Infrared spectra of synthetic di-
methyl-p-propiothetin (curve 1) and the 
compound isolated from Gvrodinimn cohnii 
--"""----_. 
(curve 2). 
The nuclear magnetic resonance spectra in D20 
show the (CH3)2S+- protons as an overlapped sin-
glet at ~ 7.01, the ~S+-Cll2- protons as a part of 
A2B2 type triplets (J = 7.0 c.p.s.) at ~ 6.40~ 
and the -CH2COO- protons as similar triplets at 
"t 6.98. The above spectroscopic data prove that 
2'6 
PPM (T) 
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10 
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j . .. ..• 
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CH3 + / '5 




Fig. 8. Nuclear magnetic resonance spectra 
of synthetic dimcthyl-fi-propiothetin (top) 
and the substance isolated from Q.y!:'odinium 
cohnii (bottom) 
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the sulfonium compound isolated from Gvrodinium 
-~------
,£o11nii is dimethyl-j3-propiothetin. 
3. Stoichiometry of cleavage of dimethyl-j3-
propiothetin. Stoichiometry of the degradation 
of dimethyl-j3-propiothctin with cold alkali was 
. 1 . 35~, d' th l,A ··tl t· tl exam1nec uS1ng ~- lme y ~propl01e 1n as lC 
substrate, and shown in Table 5. 
Table 5. Stoichiometry of the deJ;u'adation ·of 35::;_dimethyl_ 
~-propiothetin by cold alkali treatment·. 
Substrate 
Dimethyl-~-propiothetin 









• The reaction was for 7 hours at oOe. Dimethyl sulphide 
formed was absorhed with 3 ~ H~e12 solution and determined 
by measurinp: radioactivity. Acrylic acid formation "as de-
termined by !<as chromatog:raphic method after the extraction 
with ether. 
This table clearly indicates that dimethyl 
sulfide and acrylic acid are formed from dimethyl-
fi-propiothctin by cold alkali treatment, following 
the equation: 
28 
CH 3 + ) S-CH -CH -COOH CH 2 2 
3 
Dimethyl-(3 - propiothetin 
Dimethyl sulfide Acrylic acid 
Summary 
The precursor of dimethyl sulfide isolated 
from Qyrodiniurn cognii was dimethyl-ft-propiothetin. 
This compound was contained in the cells in a con-
centration as high as 55 % of total sulfur in the 
cells. 
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IV. Effect of Salts on Enzymatic Produc-
tion of Dimethyl Sulfide from Gvrodinil1m 
_.&.:_-------
cohnii 
As was mentioned in Chapter II, unicellular al-
gae of marine origin often produce a large amount 
of dimethyl sulfide during the growth, but the 
fresh-water algae do not produce this compound ( 
Ishida and Kadota, 1967 a). It was also found 
that the intracellular precursor of dimethyl sul-
fide in unicellular marine alg.;ae, such as Qrrodini u!!,! 
.£Qhnii, is dimethyl-p-propi.othetin (Ishida and 
Kadota, 1967 b). 
These facts suggest that the production of di-
methyl sulfide during the growth is a characteris-
tic of marine algae, and that dimethyl-ft-propio-
thetin plays a certain important role in the metab-
olism of unicellular algae which live in the water 
of high salt toncentration. 
The present work was undertaken in an attempt 
to clarify the physiological significance of the 
production of dimethyl sulfide in unicellular 
algae inhabiting the sea. For this purpose the 
effect of salts on the production of dimethyl 
sulfide or the cleavage of dimethyl-,B-propiotl1etin 
Materials and }lethods 
1. Organism. 
as the test org~anism, throu&~hout the work. A large 
amount of dimethyl-j3-propiothetin is contained in 
the cells of this alga. 
2. Culture medium. The chemically defined 
medium described in Chapter II (Ishida and Kadota, 
1965) was employed. 
3. Substrate for enzymatic experiments. A 
dimethyl-p-propiothetin labeled with 358 was pre-
pared from the cells of g'yros!!ni~ £2.1111!1 which 
was ~rown in the medium containing Na 235s04 • 
The 35S-labelecl cells were harvested by centrifuga-
tion and extracted with 5 % cold perchloric acid. 
The extract was passed through an Amberlite IH 120 
(u+) column, and then eluted \vi th 2 N HCl. After 
removing HCl by evaporation, the solution was pass-
ed through an Amherli te IRA 400 (Ole) column. The 
31 
effluent, after acidified with HCl, was further 
treated with Norit A and evaporated in vacuo to a 
syrup. 35 This syrup \Vas used as a sample of S-
dimethyl-rpropiothetin after being dehydrated 
with ether. 
Non-labeled sample of dimethyl-j3-propiothetin 
was synthesized using a method based on that of 
Maw (1956). 
4. Preparation of cell-free extract and crude 
enzyme. The cells harvested were suspended in an 
aliquot of 1/10 McIlvaine buffer (pH 5.1), and 
disintegrated by use of a sonic oscillator. The 
sonicate was centrifuged at 3,000 x g for 15 min 
o 
at 0 C. The supernatant solution thus obtained was 
used as a preparation of the cell-free extract. 
To the cell-free extract, saturated (NH4)2S04 
(pH 5.1) was added to 0.25 saturation. The result-
ing precipitate was discarded by centrifugation at 
9,000 rpm for 20 min. 
again added to the supernatant solution to 0.5 
saturation. The precipitate was collected by cen-
trifugation at 9,000 rpm for 20 min. The precip-
itate, after dialyzing against ~lcIlvaine buffer 
(pH ;5.1), was dissol veel in an aliquot of the buffer. 
This solution was used as a preparation of the 
crude en~yme. The specific activity of this pre-
paration was 5.5 times higher than that of the 
cell-free extract. 
5. Reaction system. The reaction mixture 
consisted of 0.5 ml of the cell-free extract, 0.1 
ml of the 35S-dimethYl-p-proPiothetin (50,000 cpm) 
and 5.0 ml of McIlvaine buffer containing 0.45 M 
NaCl (final pH 6.2), unless otherwise described. 
6. Determination of dimethyl sulfide, dimethyl-
p-propiothetin and acrylic acid. The reaction 
mixture was incubated with aeration of argon gas 
at 27 0 C for 1 hour, and dimethyl sulfide evolved 
was trapped by 3 % mercuric chloride (Ishida and 
Kadota, 1967 a). Radioactivity of dimethyl sul-
firle trapped was determined by use of the liquid 
scintillation counter. To stop the reaction per-
chloric acid was added to the mixture so as to be 5 % 
in the final concentration. 
Determination of dimethyl-f-propiothetin was 
made by use of a thetin-reineckate method based on 
that of Cantoni and Anderson (1956). The enz~natic 
reaction was terminated by addition of an equal 
volume of 10 % perchloric acid. After centrifugation, 
2 ml of 1 % ammonium reineckate solution in 5 % per-
chloric acid were added to 1 ml aliquot of the protein-
free filtrate containing O. 5 to 2.5 of dimethyl-
R-propiothetin, and the samples were chilled in ice 
for 12 hours. The samples were then centrifuged 
for 15 min at 2,500 rpm at a - 50 C and the super-
natant fluid was cautiously removed. The precipitate 
was then washed with 2 ml of ice-cold 5 % perchloric 
acid. The sample was centrifuged again and the 
supernatant fluid was removed as described above. 
Next, the precipitate was dissolved in a measured 
volume of the solution which was prepared to contain 
1 volume of phosphate buffer (0.05 M, pH 7.8) and 
2 volumes of acetone. The optical density was read 
at 520 m~ in Hitachi spectrophotometer. 
Acrylic acid formed in the reaction system 
was extracted with ether, and determined by a 
Shimadzu Model GC-IC gas chromatograph, equipped 
with brass tube containing Polyseter FA (Hunter 
et al., 1960). 
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Results 
1. Evolution of dimethyl sulfide by the cell-
free extract of Gyrodinium cohnii. In a prelim-
inary experiment in which the evolution of dimethyl 
sulfide from resting cells of Gvrodinium cohnii 
-- -"---------- ------
was observed, a small amount of dimethyl sulfide 
was found to be liberated from the cells. The 
amount of dimethyl sulfide produced in this system, 
however, was comparable to that in case of the 
cells inactivated by heating. It was also found 
that when the cells were incubated with 35S _di _ 
methyl-j3-propiothetin, the radioactivity did not 
incorporate into the cells. It was suggested 
that these negative reslll ts \\Tere due to the im-
permeability of the cell membranes to certain 
substrates, as was reported with S-adenosylmethio-
nine in yeast cells (Schlenk, 1965; Svihla and 
Schlenk, 1960). In this experiment, therefore, 
the cell-free extract was used instead of the 
resting cells. 
To ascertain whether or not the evolution of 
dimethyl sulfide is enzymatic the evolution of 
dimethyl sulfide from 35S-dimethyl-p-proPiothetin 
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by the extract was compared with that by the heated 
extract (Table G). These data suggest that 
Table G. Production of dimethyl sulfide from 
35S-dimethyl-ft~propiothetin by cell-free 
treated with or without heat· 
Preliminary treatment of 
cell-free extract 
none 





* Reaction mixture containing 1.8 % NaCl and 
35S-dimethyl-p-proPiDthetin; pH 6.2, for 
one hour at 27°C. 
dimethyl sulfide is enzymatically evolved in this 
organism. 
2. Effect of pH and temperature on enzymatic 
evolution of dimethyl sulfide. The effect of pH 
value on the rate of evolution of dimethyl sulfide 
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by the extract was examined, using 35S-dimethyl-P-
propiotl1etin as the substrate. The pH value of 
the reaction mixture was adjusted by use of 1/10 
!-lcIlvaine buffer (pH 4.5 - 7.7). The data obtain-
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pH 
Fig. 9. Effect of pH value on the production 
of dimethyl sulfide (DMS) from 35S-dimethyl-
p-propiothetin by the cell-free extract. 
~, In 1/10 }lcIl vaine buffer prepared \Vi th 
0.45 1>1 NaCl solution; A-----A, in Tris buffer 
prepared with 0.45 M NaCl solution. 
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dimethyl sulfide evolution by the extract was G.O to 
6.5. Approximately the same results were obtained 
with the phosphate buffer. Although dimethyl sulfide 
was nonenzymatically produced from dimethyl-fi-propio"'-
thetin in alkaline solution, such a reaction did not 
take place in the mixture, of which the pH value "'as 
lower than 8.0. 
" C> 


















CI: 4 5 6 7 8 9 10 
pH 
Fig. 10. Effect of pH value on the stability 
of the dimethyl sulfide(Dl"IS)-producing enzyme 
of Gyrodinium cohnii 
-"'-----_.- _._-
'i'o determine the effect of pH value on stabil-
ity of the dimethyl sulfide producing enzyme, the 
extract, after being treated at different pH values 
for 2 hours at OOC, was examined with respect to 
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the dimethyl sulfide producing activity in saline 
buffer (0.45 N NaCl, 1/10 Ncllvaine btlffer, pH 6.2 
). As illustrated in Fig. 10, this enzyme was 
most stable at pH 5.1. The stability of this 
enzyme \vas not influenced by the concentration of 
NaCl. The optirrn.un temperature for the reaction 
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Temperature (OC) 
Fig. 11. Effect of temperature on the 
production of dimethyl sulfide (DMS) 
from dimethyl-j3-"propiothetin by cell-
free extract. 
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3. Activation of dimethyl sulfide evolution by 
salts. Effect of Nael concentration on the evo-
Iution of dimethyl sulfide was observed by use of 
the cell-free C'xtract. Figure 12 SflOlvS that the 
100 
..... 
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Fig. 12. Effect of NaCl concentration on the 
enzymatic production of dimethyl sulfide 
(DtiS) from 35s-dimethyI-p-rroPiothetin 
activity was at its maximum in the presence of 
more than 0.4 r.l NaCl. The other inorganic salts 
were also examined in this respect, for comparison's 
sake. As will be seen from Figs. 12 and 13, the 
enzymatic evolution of dimethyl sulfide was acti-
vated by addition of various inorganic and 
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ori;anic salts at high concentration in an order of 
increasing effccti veness; ~~aCl L. KCl > HgC1 2 == CaC1 2> 
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Concentration of Salts (M) 
Fig. 13. Effect of salts on the enzymatic 
production of dimethyl sulfide (DHS) from 
35S-dimethyl-p-propiothetin 
0--0, KCI; b.--.6., NgC1 2 ; ~, CaC1 2·; 
It.----A, LiCl;D-O , NaBr; ~, LiBr; 
~"V, NaN03;~' Na2S04 ; ~, Nal; 




suggest that the effect of the salt resides prima-
ri1y in the anion rather than the cation. The 
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anion seemed to activate the reaction in the fol-
lo~ving order; Cl- > Br- > N03 -» 1 > S04::: ) 
CH3COO- > CH2CIICOO • 
Other anions such as P04 =, SCN ,CI03 and 
citrate, and urea did not activate the enzyme. 
The extract was stable under prolonged exposures 
to salt-free environments. 
4. Inhibition of dimethyl sulfide evolution. 
Inhibition of the enzymatic activity by some rea-
gents and its release were examined (Table 7}. 
Tahle 7. Effect of Inhihitors nnd Sulfhydryl Compounds to 
DHS evolution". 
Inhibitors (M) SII-compounos U1) DMS produced 
Cone. Cone. (epm) 
pCMB 1 X 10-4 none 3,000 
5 X 10-4 30 
1 X 10-3 20 
If Homocysteine 2 X W- 3' 2,100 
5 X 10-3 4,900 
5 X 10-4 Hercaptoethanol 2 X 10-3 2,800 
KCN 5 X 10-4 none 2,800 
2 X 10-3 560 
2 X 10-4 HQmocysteine 5 X 10-4 17,750 
2 X 10-3 5 X 10-3 !i,900 
III 5 X 10-4 none 90 
EDTA. 1 )( 10-2 none 3,600 
1 X 10-1 4,300 
None none 15,900 
• Incubation in 1/10 Hcllvaine buffer (pH 6.2) cootaining; 
NaCI (0.45 M) for one hour Ilt 27 oC. 
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As will be seen in Table 7, the enzyme was inhibit-
ed completely by p~chloromercuribenzoic acid (pCMB), 
iodoacetamide (IAA) and KCN, and partly by ethylen-
diaminetetraacetate-Na 0 (EryrA). The inhibitions 
"-' 
by the sulfhydryl reagents and KCN were more or 
less released by homDcysteine or 2-mercaptoethanol. 
It is sug;gested from these results that the 
dimethyl S111fide-producing enzyme is aSH-enzyme 
which requires some metals for its activity (Dixon 
et al., 1962). 
5. Kinetics of evolution of dimethyl sulfide. 
Time course of the evolution of d~methyl sulfide 
by the crude enzyme was observed to consider the 
kinetics of the reaction. As shown in Fig. 14, 
the evolution of dimethyl sulfide stoichiometric-
ally increased in inverse proportion to the decrease 
of dimethyl-j3-propiothetin. This reaction reached 
a maximum in approximately an hour. It was found 
by an experiment using gas chromatograph that 
acrylic acid as well as dimethyl sulfide was pro-
duced from dimethyl-j3-propiothetin by this enzyme. 
The Km value for dimethyl-j3-propiothetin chloride 
as a substrate was 1.5 x 10-3 M (Fig. 15). 
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Fig. 14. Time course of tbe evolution of 
dimethyl sulfide Oms) from dimethyl-j3-
propiothetin (D~lrT) by the crude enzyme. 
Temp., 27oC; pH 6.2; Gas phase, argon. 
6. Reqnirements of cofactors by the crude 
enzyme catalyzi.ng; cleavage of dimethyl-j3-pro p io-
thetin. Effects on the enzyme reaction of some 
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S (mM) 
Fig. It). Km value of the reaction of dimethyl-
fi-propiothetin as sUbstrate. 
Table 8. Requirements of cofactors to W!S-evolution by 
the crude enzyme. 
System 
Control (0.45 M ~aCl) 
+ Homocysteine (2 X 10-3 M) 
+ Ascorbic acid (2 X 10-4 M) 
+ betaine (1 X 10-2 M) 
+ 0.03 H ~!f':C12 + 0.008 M KCl + 0.003 ~I CaC1 2 
+ 0.1 mM + 0.01 mM + 0.1 mN + 0.01 mH + 0.01 m~1 
Mn2+ Zn2+ Fe2+ Co 2+ ~lo6+ 










Reaction mixture; 0.5 ml of the crude enzyme, 0.1 
ml of dimethyl-j3-.propiothetin, 5.0 ml of NcIlvaine 
buffer containing 0.45 M NaCl. 
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were examined wi th the crude enzyme, as shm'm in 
Table 8. It was found that homocysteine, ascorbic 
acid, betaine and trace metals such as Mn, Zn, Co 
and Fe had no influence on the reaction. 
Discussion 
It was reported that the activity of cytochrome 
oxidase from a halotolerant !,-licrococcus \vas increas-
ed several fold by NaCl in concentration of 1 - 2 
M, but the activity in an extract from heart muscle 
preparation showed a clear decrease at NaCl con-
centration above 0.1 M (Larsen, 1962). In their 
earlier experiments, Baxter and Gibbons (1954, 1956 
& 1957), Holmes and Halvorson (1965) and Larsen ( 
1967) found that some enzymes extracted from Halo-
bact~ri~~ salinarium were activated by salts in 
high concentration. These reports, together with 
our findings that evolution of dimethyl sulfide by 
the enzyme of Gyrodinium cohnii was activated by 
-:..:.-----. -. .,.-- --.--
addition of NaCI and other salts in high concen-
tration, support our concept that the ability to 
evolve dimethyl sulfide of unicellular algae may 
be related to the high salinity of their habitats. 
46 
Concerning the effects of inorganic anions on 
the enzyme activity, Cole (1904) showed that the 
activity of animal d-amylases was so greatly af-
fected that Cl ion and other monovalent ions were 
reg;arded as the natural activators of these enzymes. 
,Nann and }Joolf (1930) and ~lassey (1953) reported, 
on the other hand, that fumarate hydratase was ac-
tivated only by divalent and trivalent anions, but 
not by monovalent ions. Recently Tonomura et ale 
(i962), Warren et ale (1966), and Warren and Cheatum 
(196!) demonstrated that salts in high concentra-
tions tended to inhibit the activity of some en-
zymes such as myosin ATPase (Tonornura et al., 1962; 
Warren et al., 1966), fumarase (Massey, 1953), 
and other several enzymes (i~arren and Cheatum, 
19(6), ~nd that the inhibition in this case might 
be caused by some structural changes in the enzyme 
proteins., These observations provide evidence 
that salts alter enzyme activity by altering the 
organized structure of the protein macromolecule. 
Based on our findings that the dimethyl sul-
fide producing enzyme of Gvrodinium cohnii is a - . _11-._______ _ _____ . __ ~ 
SIi-enzyme, that this enzyme is activated by anions 
at high concentration in the follO\ving order; 
" 
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Cl- > Ih~-> N03 -» I- > S04:::' and that urea and 
SCN- inactivate this enzyme, it is considered that 
the activation of the enzyme by salts results from 
the exposure by the anions of some buried groups 
such as SH-g;rol1p in the enzyme proteins. 
Summary 
It was found that the evolution of dimethyl sul-
fide from QL!:'Qdiniu~ E.Qhni.!., a heterotrophj.c alp;a 
of marine origir., resulted from an enzymatic cleav-
age of dimethyl-p-propiothetin in the cells. 
This reaction was activated by various inorganic 
salts at high concentration in an order of increasing 
effectiveness for anions: Cl-) Br-) N0 3-» I-) 
S04=. The maximum rate of the reaction was ob-
tained at pH 6.2. The enzyme catalyzing this 
reaction was most 'stable at pH 5.1. Activity of 
the enzyme was inhibited by p-chloromercuribenzoic 
acid (pCrm), iodoacetoamide (IAA) and KCN. The 
inhibition by these compounds was released in part 
by the addition of homocysteine. 
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V. Participation of Dimethyl'p--propio-
thetin in Transmethylation Reaction 
in Gyrodiniwn cohnii 
-"--_._ .. -_ .. _- ------
As mentioned in ClJapter IV, the evolution of 
result of the enzymatic cleavage of dimethyl;6--
propiothetin (Kadota and Ishida, 1968 a & b). 
It is supposed that, in addition to this, dimethyl-
f-propiothetin may play a role as a donor of 
methyl group in cell metabolism of the alga. 
The sulfoniuill compounds such as dimethyl-j3-prop io-
thetin are g;enerally knO\m to act as methyl donors 
in biological transmethylation reaction. Espe-
cially in mammalian tissues, these compounds often 
serve as methyl donors for methionine biosynthesis 
and other transmethylation reactions (Durell at ale 
., 1957; Dubnoff and Borsook, 1948; Maw, 1956; Klee, 
1965). As for microorganisms, however,such an 
evidence has not yet been obtained. The present 
work was undertaken to confirm whether or not a 
thetin-homocysteine transmethylase is present in 
a unicellular marine alga, Qx!:.£cli!!ium cohnii. 
49 
Materials and Methods 
1. Organisms and culture media. Bacteria~ 
free cultures of unicellular algae which \vel"e d<:'--
scri bed in Chapter II "fere used. The culture 
media employed were prepared as described p~evious-
ly (Ishida & Kadota, 1967 a). 
2. Preparation of laheled substrates. 
dimethyl-j3--propiothetin \Vas prepared as described 
in Chapter IV. A sample of 14cH3-dimethylj3--1WOPiO--
thetin Has prepared from the labeled cells of 
this organism grown on the betaine-free medium 
which was prepared to contain 2-14C-acetate, by 
the method described in Chapter IV (Kadota and 
Ishida, 1968 b; Ishida and Kadota, 1968 b). A S-
methylmethionine bromide was prepared according to 
the method of Toennies and Kolb (1948). 
A mixture of 40 mM of methionine, 50 ml of 89 
% formic acid, 50 ml of acetic acid and 10 ml (160 
mM) of methyl bromide was kept in a dark place at 
o 
about 25 C for three days. Digestion 'vi tIl 40 ml 
of methanol produced a granular precipitate. 
After filtering and washing with methanol and ace-
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tone it was dissolved in 30 rnl of warm 50 % etha-
nol and recrystallized by the addition of 100 ml 
of ethanol. 
For the preparation of methylthiopropionic acid, 
4.25 g of sodium was added to 3.99 g of methylmer-
captan in 20 ml of absolute ethanol at the temper-
ature of a dry ice-isopropanol bath. The result-
tng solution \"ras then added slowly to a cold solu-
tion containing 10 g of 3-bromopropionic acid in 
20 ml of absolute ethanol. After the mixture was 
refluxed for 1 hour and then maintained at room 
temperature, the ethanoi was removed by evaporation. 
The residue was dissolved in 100 ml of ethyl ether. 
From the ether layer, a viscous liquid was frac-
tionally obtained by evaporation of ether. This 
substance is methylthiopropionic acid (Faith and 
Nallette, 196G). 
3. Preparation of cell-free extract. The 
cells of GyrodiniuID cohnii grO\vn in 1,000 ml of 
--"----- ------- -
the complete medium (Ishida and Kadota, 1965) were 
harvested by centrifugation, suspended in 20 ml of 
McIl~aine buffer (pH 7.0) with 5 m moles of 2-
mercaptoethanol, and disintegrated in a sonic 
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oscillator (20 kc) for 2 min o at ° C. The sonicate 
was centrifuged down at 3,000 x g for 15 min, and 
the supernatant solution obtained was used as the 
cell-free extract. 
4. Reaction system. Reaction mixture used 
consisted of 5 ml of the cell-free extract, 0.2 ml 
of 14CH3-dimethyl-.,B-propiothetin solution, 0.2 ml 
of DL-homocysteine (0.54 mg) and 0.1 ml of betaine 
(8 mg). 
5. Determination of the products. The re-
action mixture was incubated with aeration of argon 
gas at 27°C for 5 hours. After the reaction was 
stopped ,vi tll cold 5 ~6 percbloric acid (final concen-
tration) , the acid sDluble fraction obtained from 
this mixture was passed through an Amberlite IR 120 
(n+) resin, and eluted with 2N HCl. The solution 
was further passed through an Amberlite IRA 400 
(OIC) column and then eluted wi th 2N lICl. Radio-
activity of this amphoteric fraction was determined 
by use of a Packard Tri-Carb liquid scintillation 
counter. The methylated product was exclusively 
contained in this fraction. 
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6. Paper chromatography. Tbe amphoteric 
fraction was subjected to one dimensional paper 
chromatof~raphy after removing hydrochloric aci.d Ly 
evaporation. As the solvent system n-butanol: 
acetic acid:water (4:1:1) was employed. The de-
tection was made using ninhydrin. 
The anionic fraction was subjected to one di-
mensional paper chromatography using the following 
sol.vent systems; l)n-hutanol:acetic acid:water ( 
12:3:5) and 2) et!lylacetate:acetic acid:water (3: 
1:1). Solution of potassium iodide-platinium 
chloride was used for the detection of a methyl-
thiopropionic acid and its sulfone (Faith and 
Mallette, 1966). 
Radioactivity on the paper chromatograms in 
14 14 C-compounds as metabolic products from CH3-
dimethyl-,.,B-propiotl18tin was measured by use of a 
windowless gas flow counter, or examined by radio-
autography. 
7. Column chromatography of anionic fraction. 
After being adjusted to pH 8 the anionic fraction 
was applied to Dowex 1 x 4 column (1.2 x 20 cm) 
by a gradient of formic acid consisting of a mixer 
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containing GO ml of distilled water and a reservoir 
c(1Jltaining 60 ml of 1 ?-i formic acid. \~hen the COI1-
~ts of reservoir had passed into the mixer, the 
.l,;c:ervoir was replenished \vi tll 100 ml of 4 r1 formic 
acid (Faith and Mallette, 1966). 
An aliquot of each fraction collected was count-
ed in a gas flow counter after being neutralized. 
Results and Discussion 
1. Distribution of dirnethyl-ft--propiothetin in 
the cells of various unicellular algae. Quanti-
tative determination of dimethyl-j3-propiothetin in 
the cells of various unicellular algae of marine and 
fresh-water origins was made by use of the above de-
scribed methods (Table 9). As will be seen in Table 
9, dirnethylj3-propiothetin was contained in fairly 
high concentration (approx. 15 % of the total sulfur 
in the cells) in the cells of Gvrndinium cohnii. 
-"--._---- -----
~!!!.Ehi:!ini~!:!2 E.Bl~terii also contained dimethyl-j3-propio-
thetin in very l1igh concentration, but photoautotro-
phic unicellular algae of marine origin (Chlamydo-
-.---~-
monas sp. and Glenodini.~Q:! sp.) and many unicellular al-
gae of fresh-water origin , such as !iaernat~E.~ Pl2.~-
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Tnhh,9 lJi s t I'; 1111 t i PI' of :\"::;-rl i 01Pt hv 1-(3.-';"01); otilet i" (iJ\1I '1') 
in 3~S-lali('led cells of variolls species incui,ated 
. ~:) . 
"'1 th :::'0,. 
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fi!.:.acil.i~ did not contain this compound in such a 
high concentration. This fact suggests that in 
the metabolism of marine dinoflagellates such as 
ft-propiothetin may play an important role probably 
in the transmethylation reaction. 
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2. Effect of betaine on the content of di-
mcthyl-ft-propiothetin in the cells of QyrC?~inJ..~~ 
cohnii. To ascertain the above-mentioned pre-
sumption we attempted to observe the changes in 
content of dimethyl-j3-propiothetin in the cells 
of QyE.Qdj:~J..~~ co!.?:!!.!! which were grown in the media 
containing betaine in different concentrations. 
As betaine is known to act as a methyl donor, it 
was expected that the concentration of this com-
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Fig. 16. Relation between the concentration 
of 35S-dimethylj3-proPiothetin in the cells 
of Gyrodinium cohnii and that of betaine in 
-~-------- ------
the culture media. 
the formation of .. dimethyl-p-propiothetin in the 
cells. As illustrated in Fig. 16, it was found 
by this experiment that the content of dimethyl-
j3-propiothetin in the cells was inversely propor-
tional to the concentration of betaine in the 
media \yi thin the concentrations between 0.7 and 
:3.3 rn}1, that the concentration of sulfur in the 
form of dimethyl-j3-propiothetin in the cells grO\.Jn 
on the betaine-free medium was approximately 50 % 
of total sulfur in the cells~ and that the content 
of dimethyl-j3.~propiothetin was almost constant 
(about 14.5 % of total sulfur) in the cells grown 
on the media containing betaine in the concentra-
tions more than :3.3 mri. Choline was found to be 
acting in a similar way to betaine in respect to 
tbe above-mentioned phenomenon. But S-methyl-
methionine, trimethylamine, methionine and acethyl-
choline in the concentrations of 10 mM could not 
be substituted for betaine. 
3. Behavior of 35S-dimethYlj-proPiothetin in 
the cells. Besides the experiments described 
above, the turnover of sulfur in dimethyl;8-pro-
piothetin in the cells was observed. In this 
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experiment the 35S-1ubeled cells harvested from 
betaine-free culture were reincubated in the media 
with or without added betaine, and then the turn-
over of sulfur in the cells was observed by measur-
ing radioactivities of the fractions from the cells. 
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Fig. 17. Turnover of sulfur in the 35S-label-
ed cells of Gvrodinium cohnii during incuba-_u-__________ _ __ _ 
tion in the media supplemented with or with-
out betaine. 
was found that the metabolism of dimethyl-j-pro-
piothetin was stimulated by addition of betaine, 
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and that when betaine was absent the content of 
dirnethyl--j3--.prop iothetin lvas apparently constant. 
These results indicate that the metabolism of sul-
fur in dimethyl-j3-propiotlletin is stimulated by 
addition of betaine and that dimethyl-p-propio-
thetin can not be completely substituted for betaine. 
4. Metabolism of dimethyl-j3-p ro p iothetin in 
the cell-free extract. The metabolic reaction 
of dimcthyl-j3-proTJ iothetin in the cell-free extract 
was studied, using the substrates labeled with 14C 
35S or • Reaction mixture contained DL-homocysteine, 
14 35 CH3 - or S-dimethyl-fo-propiothetin and the cell-
free extract. Betaine was occasionally supple-
mented in addition to these. Incubation was made 
at 27 0 C for 5 hours. After the reactions were 
finished, the mixtures were fractionated, and 
radioactivities of the fractions were determined. 
The results obtained with 14cH3-dimethYlj-proPio..o.. 
thetin are given in Table 10. It is shown in 
this table that in the presence of betaine 6.2 % 
. 14C f 1 j3 and 6.8 % of "3 groups 0 uimethyl-~-propiothetin 
were incorporated into anionic fraction (probably 
methylthiopropionie acid) and 
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Table 10. Distrihutlo~ of ItC In various fractions from the cell-free 
extract incuhated "i th 11c-dimethyl-,d-prOPiothetin (ll:1PT) . 
• il tIl betai fie without betaine 
Fract ion 
Hadioactivity Incornoration Radioactivity Incorporation 
cpm rate (,,) cpm rate (,.) 
14C_D\li'T, initial lOu ,{Jon 100 43,500 100 
PCA soluble fl'ae. 98,4()0 98.4 4;.1,U()0 99.0 
all10nic 6,2()O 6.2 930 2.1 
cationic (D'IP'l') 1'\7, I un 87.1 40,200 92.5 
amphoteric 6,t\UO 6.8 150 0.3 
peA insoluble frae. 40 300 0.7 
amphoteric fraction (probably methionine) respec-
tively, and in the absence of betaine the incorpo-
ration into amphoteric fraction was only 0.3 % of 
14 total CH3 groups in dimethyl-j3-propiothetin. 
The distribution of 358 in various fractions is 
shown in Table 11. A 3.5 9b of 358 .from dimethyl-
~-propiothetin was found in the anionic fraction 
and 0.2 % of it in the amphoteric fraction. 
These facts suggest that in the presence of 
betaine the cell-free extract catalyzes the trans-
fer of methyl group of dimethyl-p-propiothetin to 
homocysteine. In this reaction methylthiopropio-
nic acid will be released as a metabolic product. 
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· t . b t· f 35S . . ft' f Table ll. DIS 1'1 Ulon 0 In varIOUS .raClons rom 
the cell-free extract incubated with 35S_DMPT in 
the presence of betaine 
Radi oacti vity Incorporation 
Fraction 
cpm rate(')<» 
35S_D:V1PT, initial 136,000 100 
PCA soluble frac. 134,000 98.5 
anionic 4,800 3.5 
cationic (DNPT) 129,000 95.0 
amphoteric 240 0.2 
PCA insoluble frac. 0 0 
5. Identification of the metabolic products 
from ctimethyl--fi-propiothetin e The identification 
of products in the above-mentioned fractions was 
made in tbis experiment. The amphoteric fraction 
was subjected to paper chromatography and the re-
suIting chromatograms were examined colorimetrically 
and by measuring radioactivity. The results ob-
tained (Fig. 18) indicate that methionine, methio-
nine sulfoxide and methionine sulfone (probably) 
\vere produced. 
TIle 14C-anionic fraction was further fraction-
ated by Dowex 1 x 4 column chromatography. The 
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Met Meta Met02 
Front 







Fig. 18. Paper chromatographic pattern of 
products (labeled with 14C) in the ampho-
teric fraction and that of authentic sam-
pIes of methionine and methionine suLfoxide. 
elution pattern is shown in Fig. 19. The fractions 
comprising peaks It A 11, and" B " were suhjected 
to paper chromatography, and were found to be com-
posed of methylthiopropionic acid and the sulfone 
respectively. As will be seen in Fig. 20, the 
radioactive peaks A and B corresponded to those of 
authentic methylthiopropionic acid and its sulfone. 
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Fi~. 19. Dowex 1 x 4 col.umn chromatography 
of the anionic fraction from the reaction 
product by cell-free extract of Gyrodinium _.s.:..... _______ •.. ___ _ 
co!mii. 
propiothetin was employed. 
thiopropionic acid were produced by this trans-
methylation reaction from dimethyl-ft-propiothetin 
and homocysteine. 




C···":"'. ....... ) 
Authentic 




-- n - BuOH : AcA : H20 Origin 
Paper chromatogram of the frac-
tions A and B (see Fig. 19), and that of 
autJlent ic samples of methyl thiopropionic 
acid and methylthiopropionic acid sulfone. 
Using the cell-free extract from Gvrodinium cohnii, _J.!-__ ._____ _ __ ~ __ _ 
the effect of pH on the activity of thetin-homo-
cysteine transmethylnse was examined (Fig. 21). 
o 
'1'he optimum pH was found to be about 7.0 at 27 C. 
The formation of metl1ionine from dimethyl-)3-propio-. 
thetin was not influenced by NaCl. The activity 
of methi.onine biosynthesis from dimethyl-j3-pro p io-
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thct:i.n was weak, in comparison 'vi tIl that of dimethyl 
suJ.fide evolution, even if at pH 7.0 (I:~adota and 
Ishida, 1968 b). 
~o 
......... 
I (f) (l) ),.. 6 c .r:: 
c l() 0 
.r:: ),.. 
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Fig. 21. Effect of pH on thetin-homo-· 
cysteine transmethylase in the coll-
free extract. 
Summary 
The thetin-homocysteine transmetI1ylasc 'vas 
first found to be present in cells of Q.yr~3:il1i~~~ 
cohnii. It was strongly suggested by this study 
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that in Q;y!~?_di~~~~~:!. s:_~l1:!2LL dimethyl-j3~propiothetin 
acted at least partly as a methyl donor in the 
transmethylation reaction, in the presence of 
homocysteine. The products jn this reaction were 
methionine and methylthjopropionic acid. 
This reaction was stimulated by addition of 
betaine, hut not jnfluenced by Nael. The optimllm 
pH for the thetin-homocysteine transmetJlylase \{as 
in the neighbourhood of 7.0. 
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in (;v1'oc1\ r,i 11 m cohn:t:J . 
......,j;:......n • ...,,..,... ..... _~ .. __ .~~_~ ••• "----.--~. __ , __ ._~_ 
Conccrnjnf~ tbe biof'enesis of eli mctllyl-y'-Dropio-
thet i n on1 y t \"iO papers have llCen p1.l1J1 i Sl,C'cl by 
Greepc (1962) ul'd Kahn (19G!1). In the former 
paper- it \ms silc)l.l.'n that PlCtLionine h'D8 an efficient 
thet1n in UIva lactl]ca. In this or~:anis'll both 
the methyl g:r01!p at'cl the snlfu'r atom of c1imcthyl-
j3-propiotrletin \wre derived fro:;) tLosc of methionine. 
The carboxyl carbon of (iimetllyl-fl·~pro})iotl)etin arose 
from the carllCl1-1 of l:JcthionirlC' via mul tj pIc steps 
including deamination, decarboxylation, oxidation 
and methylation. 'rIle i nt erw;clia t es in t his con-
version have not been detected (Greene, 1966). 
Kahn (196 /l), on the other hand? detected that car-
bon atom at the position 2 of c::l,{cine iYcorporated 
into the methyl g;ronp of dimetliyl-j3--propioiIJet in 
in Ulva lactuca. 
In order to obtain further inforrnn.tion about 
tLe syntIletic pathway of eLi mctllyl-j3.-propi othet in, 
the precursor of dimet!;yl sulfide, in QL~?r~} l~il1~ 
£2.~ni!, tbe auHlOr has next made some tracer ex-
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pericnents, in \"hicl1 the incorporation of cnrlJOn 
atoms into dirilethyl sulfi de and di.nethyl.-/?-propio o -
the tin frou label cd 51] bs tra t os was 0 bsorvc d \6 t h 
this or't>;anism (13l1ida and rac1ota, 1968 b). 
?<laterials and :-'!etllOc\fs 
] . Organism. The pure culture of Gvroc1i nimn 
-""'----'-=--~- -
co1;ni i ":as us ed in t1/is experinoni.,. 
2. Substrates. As the labeled substrates 
1 J LiC"' t .. -" -aco'aco, r. 1 LJ C -4 t 1 r' 14 C 1 ~- -ac e dl e ane d- -g ncose 
wore employed. Fifty l-Lc each of these labeled sub-
strates \Vere supplemented to 100 rnl cOiflplete media 
in all the cases (Ishida and Kadota, 1967 a). 
14 A CI-I3 -dimethyl-j3 ... propiothetin \vEtS pl~epared as 
described in Chapter V. 
3. Determination of dimethyl snlfide and car-
bon dioxide evolved. Carhon dioxide and dimethyl 
snlfide evol vecl as the pr oc1ucts were trapped \-.'1 tll 
ethanolamine and mercuri C c!Jlori de, respectively, 
by use of an absorption train system illustrated in 
Fip;. 1. Radioactivity of the fraction obtained was 
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determined nsing the liquid scintillation counter. 
Hesults and Discussion 
Table 12 shows the incorporation of 14C into 
dimethyl sulfide from 1-14C-acetate, 2-14C-acetate 
14 
and U- C-glucose by the culture, and suggests that 
Table 12. Distribution of radioactivity (14C) in 
dimethyl sulfide (m1S) and CO2 which were pro-
duced by Qy!.:odinium cohnii p;ro\vn on the me-
A" t "" 1 14C t t 2 14C vlum con 81nlng - -ace a e, - -ace-
tate or U-14C-gluc~se (incubate~ under 
aeration for 4 days at 27°C) 
Labeled substrate Radioactivity in products 
snpplemented (cpm) 
to cultnre medium CO2 DNS 
1-14C-acetate 
(18,000,000) 1,370,000 0 
14 2- C-acetate 
(23,500,000) 1,060,000 6,800 
14 V- C-glucose 
(19,800,000) 260,000 550 
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a considerable part of carbon atom in dimethyl 
sulfide was derived from methyl carbon of 4- • acct-lc 
acid and not from carboxyl carbon of it. 
The localization of radioactive carhon in tile 
molecule of dimethyl-j5-proPiothetin which was 
isolated from the cells gro\m on the chemically 
14 11 defined media containing 1- C-acetate, 2- C-
14 
acetate or U- C-glucose was next examined by 
cleaving the dimethy l-j3-r rop iothetin molecule and 
Table 13 Distribution of radioactivity (14C) in 
dimethyl sulfide (DNS) and CO2 evolved by hot 
alkali treatment from dimethyl-j-rropio-
thetin (m!PT) \"hich was synthesized from 
14, 14 14 1- C-acetate, 2- C-acetate or U- C-




Radioactivity in products & 
substrate Cepro) 















measuring radioactivities of tIle cleavage products. 
The result of this experiment is p;iven in Table 13 
and suggests that the methyl carbon of acetic acid 
Was incorporated into methyl groups of dimethyl-
ft-propiothetin and the carboxyl carbon of this 
substrate was incorporated into carboxyl group of 
dimethyl-j3-propiothetin. 
Summary 
It was found with Gyrodinium cohnii that the 
--"'-
carboxyl carbon of dimethylj3-proPiothetin was 
derived from carboxyl carbon of acetic acid, and that 
the methyl carbon of dimethyl-j5-propiothetin \ias 
derived from methyl carbon of this substrate. 
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Appendix I. Effect of inorganic salts on 
the content of dimethYlf-proPiot}Jctin in 
the cells. 
Based on the experiments described in Chapter 
IV,- it is supposed that the vigorous evolution of 
dimethyl sulfide during the growth is characteristic 
of ale::ae \<lhich live in the sea. 'I'o confirm this 
presumption, the role of inorganic salts in the 
formation of dimethyl-p-propiothetin in Gyrodi ni urn 
cohnii was examined using; tracer techniques. 
A strain of Gvrodinium cohnii, after being 
--------
trained to adapt to a modified medium which was 
prepared to contain the inorganic salts (NaCl, NrjC1 2 , 
KCl and CaC1 2 ) in the concentration of 1/4 or 1/10 
strength of the original medium (Table :3), was 
incubated in the low' salt medium containing :35S0; 
as the sole source of sulfur, and being added with or 
without betaine. After 7 days' incubation, content 
of dimethyl-J-propiothetin in the cells was determinec 
as :35s-dimethYljl3-proPiothetin by use of the previous w 
ly (lescribed method. As shown in Table14,the 
content of dimethyl-J-propiothetin decreased in 
direct proportion to the concentration of the salts 
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independently of the presence of betaine, although 
betaine caused a decrease in the content of di-
methyl-j3-propiothetin, as mentioned in Chapter V. 
Table 14 DMPT content of the cells ~rown on media containin!!: inorganic 
salts in different concentration. 
Concentration of inorganic salts 
(NaCl,MgCI2,KCI & CaC12 ) in medium 






Concentration of betaine 
in medium 















The effect of individual inorganic salt on the 
content of dimethyl-j3-propiothetin was next observ-
ed respectively. The result (Fig. 22) indicates 
that the decrease in concentration of CaCl 2 or KCI 
in the medium brought about a decrease in the 
content of dimethyl-j3-propiothetin in the cells 
grown in the presence or absence of betaine. 
These data suggest that Ca or K contributes to 
the formation of dimethyl-!-propiothetin by the 
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algal cells in the sea. 
Medium Conc. of Salts 
Complete medium Four salts; I 
1/4 




NoCls MgCI; 1/4 
114 
KCI 114 





Fig. 22. Effect of concentration of inorganic salts 
on the content of dimethyl~proPiothetin. 
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Appendix II. Distribution of dimethyl-p-pro-
piothetin in the cells. 
According to Challenger (1959), several kinds 
of seaweed \{hi ch contain dimethyl-ft-propiothetin 
in the tissues evolved more dimethyl sulfide by 
hot alkali treatment, after the evolution \1i th 
cold alkali treatment had ceased. This fact may 
Table IS. Distribution of 35S in variolls fractions from 
cells of ~. ~ ~rown on the media with of 
without betaine (raaioactivity was expressed as %). 
Fraction 
Cells 








Cells grown on 



















• Estimated after hydrolysis with 6N HCl_at 105°C, for 
18 hours. 
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indicate that a portion of the precursor of dimethyl 
sulfide (dimethyl-}-propiothetin) was firmly associ.-
ated wi.th some macromoleclllar compounds, as \Vas 
suggested by Kicolai and Preston (1953 & 1960). 
355_ dimethyl-/.! - propiothetin from 
acid soluble frac. 
~--~ ...~
Front -- n - BuOH : AoA : H20 (12: 3: 5) Origin 
Fig. 23. Paper chromatographic pattern of 
cationic fraction of the hydrolysates of 
acid insoluble fraction and of the 
acid soluble fraction from cells 
of §yrodinium cohnii. 
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To ascertain such a possibility with Qyrod!-
!lium ~ohni?_, 35S-labeled cells of this organism 
incubated with complete and betaine-free media 
were fractionated and the distribution of 35S in 
each of these fractions was observed by measuring 
the radioactivity (Fig~ 4 & Table 15). The cat-
ionic substance, corresponding to dimethyl..p-pro-
piothetin, in the cold perchlori~ acid insoluble 
fraction was found to be contained in the concen-
tration about 4.0 % and 2.4 % of the total sulfur 
in the cells which were cultivated in co~plete and 
~ 
betaine-free media, respectively. The cationic 
fraction (labeled with 35S ) was subjected to paper 
chromatography and examined by use of the iodide-
platinium method. Radioactivity of the spot was 
scanned using Aloka PCS-2 type Scanner. The prin-
cipal spot showed the same Rf value as dimethyl-j-
propiothetin, as shown in Fig. 23. This fact 
indicates that a portion of dimethyl-)3-propiothetin 
is locali:?:ed in acid insoluble fraction which is 
composed of high polymers. It was confirmed, 
therefore, that a part of dimethyl-j3-propiothetin 
in the cells of Gyrodinium cohnii was bound with 
77 
high molecular compounds. 
VII. Conclusion 
Several species of unicellular marine algae 
evolve volatile sulfur compounds which have "iso-
no-kaori" , a unique smell of the sea. The smell 
of some marine fishes and mollusks may also be 
attributable to the sulfur compounds which are 
brought into the animal bodies through their food 
algae. Thus, unicellular marine algae seem to 
play an important role in the evolution from the 
marine organisms of a characteristic s~ell of the 
sea. The physiological significance of this 
phenomenon, however, has not yet been known. 
In this work attempts have been made to make 
clear the distribution of abilities to produce 
volatile sulfur compounds in marine and fresh-
water unicellular algae, to isolate and identify 
the precursor(s) of volatile ~ulfur compounds in 
these algae, and to elucidate the biochemical 
mechanism involved in the production of volatile 
sulfur compounds or the cleavage of the precursor(s). 
The results obtained by these studies are summar-
ized as follows: 
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1. The greater part of the organisms examined, 
i. ~., Amphidiniu~ carterii, Glenodinium sp., Chla-
~domonas sp., Nannochloris Q,£ulata, Haematococcus 
pluvialis, Polyto~ uvella, ~hlam~domona~ komma, 
Scenedesmus obliquus, Chlorella vulgaris, and ChIo-
rella Eyrenoidosa produced H2S as the major product. 
The algae belonging to ~uglenales, e. g., Astasia 
longa and Euglena gracilis produced mercaptan in the 
largest amount. The organisms which produced thio-
ether as the major product was gyrodinium cohnii, a 
heterotrophic dinoflagellate of marine origin, and 
Cyclotella ~, an autotrophic diatom; in case of 
these organisms more than 65 % of the sulfur evolved 
was thioether. 
The unique smell of the sea was mainly attribut-
able to thioether(s). The production of this com-
pound was a characteristic of marine species. 
The main component of the thioether fraction 
obtained from G~rodinium ££hnii, was identified as 
dimethyl sulfide, by using gas chromatograph. 
2. The precursor of dimethyl sulfide was iso-
lated from ~yrodinium cohnii, as a single crystal, 
and was identified as dimethyl-j3-propiothetin, 
by use of the infrared and nuclear magnetic reso-
nance spectra. 
3. The evolution of dimethyl sulfide from 
.Qyrodinimn cohnii was found to result from the 
enzymatic cleavage of dimethyl-j-propiothtin. 
This enzymatic reaction was activated by some in-
organic salts at high concentration in an order 
of increasing effectiveness for anions; Cl-) 
The maximum evolution 
of dimethyl sulfide was obtained when more than 
0.4 N NaCl was present in the reaction mixture. 
The optimum pH value for this reaction was 6.0 -
6.5. Activity of the enzyme was inhibited by 
pCl'tB, IAA and KCN. These facts suggest that this 
enzyme is a SH-enzyme and is active under the 
environment of high salinity only. 
4. In Gyrodinium cohnii dimethyl;8-propiothetin 
acted as a donor of methyl group in biological 
transmethylation reaction in the presence of homo-
cysteine. As the result of this reaction, methio-
nine and methylthiopropionic acid were produced. 
This reaction was stimulated by addition of betaine. 
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The optimum pH for this reaction was in the neigh-
bourhood of 7.0. 
These results indicate that the evolution of 
dimethyl sulfide from unicellular algae is charac-
teristic of marine algae, that the enzyme catalyzing 
the evolution of dimethyl sulfide is activated by 
Cl- ion, and that dimethyl-p-propiothetin, the pre~ 
cursor of dimethyl sulfide, plays an important role 
as a methyl donor in methionine biosynthesis in the 
algal cells. 
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